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EXPERIMENTAT, INVESTIGATION OF A TWO~DIMENSIONAL: SPLIT-WING
RAM-JET INLET AT MACH NUMBER OF 3.85

By James F. Connors and BRichard R. Woollett

SUMMARY

An experimental Iinvestigation of the performance characteristics
of s two~dimensional isentropic diffuser, sultable for spllt-wing ram-
Jet application, has been conducted at a Mach number of 3.85 in the

Iewls 2- by 2-foot supersonic tumnel. The inlet, which had a 4-Inch

meximim depth and a 10-inch span, was mounted on a typical wing section
equlpped with a varleble exit and a force-mea.suring system. Pressure-
recovery and mass-flow data are presented for a range of angle of
sttack from 0° to 4°. Aerodynemic force data at zero angle of attack
are also included.

A maximum total-pressure recovery of O.41, corresponding to =a
kinetic energy efficiency of S0 percent, waes obtaelned at zero angle of
attack with a maximm mess-flow ratio of 0.95. As the angle of attack
wes increased to 4° ; the pressure recovery decreased to 0.34 and the
maximim mass-flow ratio decreased to 0.891l. Imn every case, a large dis-
continuity in both pressure recovery end mess flow with a characteris-
tic hysteresis was encountered between supercritical and subcrltical
operation as a consequence of the twin~duct arrangement of the diffuser.
Schlieren observations indicated en asymmetrical suberitical shock pat-
tern with large-scale separation and spillasge occurring on one passage
only. ILarge changes in all the aerodynsmic force coefficients caused
by such asymmetricel flow mske subcritlical operation intolerable for
any flight application. :

INTRODUCTION

Theoretical a:nalyses of the ducted-airfoll ram Jet (rei‘erences 1
and 2) heve indicated that this type of power-plant configuratlon has
congiderseble promise for application on long-range or intgrcep’c.or-‘bype
alrcraft operating at Mach numbers of 2 or above. In addition,
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the study by Consolidated Vultee Alrcraft Corporatlon has indicated
that there are no structural limitations that prevent operation at the
higher Mach numbers and altitudes. Thils latter conclusion is largely
the result of the development of the cen-type combustor with its pro-
visions for the cooling of external skin surfaces.

‘A need, therefore, exists for substantiation of the diffuser per-
formence assumed in such analyses. The purpose of the present study,
then, -is (1) to experimentally evaluate the performsnce of a two-
dimensional diffuser designed for efficient operation at a Mach number
of 3.85 and suitable for ducted-alrfoil ram-jet epplication and (2) to
measure the aerodynamic forces on an experimental wing ‘engine installa— o
tion. Accordingly, an inlet designed for both external and internal
isentropic compression was mounted on a typlecal wing section and was
gtudied over a range of angle of attack from 0° to 4

SYMBOLS
The following symbols are used in this report:
Ay inlet capture area, sq ft
Amax maximum.frontal ares of engine, sq %

Ay wing plan srea (chord measured from leading edge of cowl 1lip to
base), sq £t

Ay nozzle-exlt area, sq £t

Cp external drag coefficient (D/aphn,.)

(23 11ft coefficient (L/doApay)

Cy  pitching-moment coefficient (N1/qoApaxc)
Cx normael-force coefficient (iv/qu.w)

Cp propulsive-thrust coefficient (F-D/qpAp.y)

e over-all distence meassured from leeding edge of wedge to the
base, Tt

D external drsg, 1b

F thrust, 1b
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L 1ift, 1b
1 moment arm from leading edge of wedge, £t
My free-stresm Mach number |
me mass-flow rate through engine, slugs/ sec
170} mass-flow rate through a free-stream tube area equal to Aj,
slugs/ sec '
N normel force, 1b
Py free-stream total pressure, 1b/ sq £t
P:5 diffuser~-exit totsl pressure, l'b/ sq £t
Do free-sgtream static pressure, lb/ sg £t
free-stream dynsmic pressure (mOMOZ/Z), 1b/sq £t
o angle of attack, deg
T ratio of specific heats

1.124: gimulated conmbustion parameter where py equals one plus the
fuel-air ratio end T equals the totel-temperature ratio
across the combustion chember

APPARATUS AND PROCEDURE

The experimentel investigation was conducted in the NACA Lewls
2~ by 2-foot supersonic tumnel at a Mach number of 3.85 and at a simu-
lated pressure altitude of 108,000 feet. The tunnel air was maintained
at a tempersture of 200° +5° F and at a dew-point temperature of
-15° +10° F. Based on the meximum depth of the wing (4 in.), the
Reynolds number was 343,000. .

As illustrated in the perspective drawing (fig. 1(a)), the com~
plete model spenned the tunnel and consisted of three separate units -
the center section, which was of test interest, and the two side or
supporting sections through which the low-energy air in the tunnel
boundsry layer was bypassed. The center section was positioned between
the side sections by six links of a three-component balance system
(see fig. 1(b) for linkage details). A large yoke was used to conmnect
the trunnions on the side sections and thus permit changes in the angle
of attack of the model. Mounted downstresm and independent of the
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model, & varisble-exit plug wase employed to regulete the inlet back
pressure. Important over-all dimensions of the model are given in the

‘schematic drawlng of figure 1(c). Pressure instrumentation (fig. 1(d))

consleted of total- and statle-pressure rakes mounted at the diffuser
exit and immediately upstream of the verlaeble outlet. In addition,
static-pressure taps were located on the base of the model for evelu-
ation of the base pressure tare loads.

The supersonic diffuser initially investigated was designed for
both external end internsl isentroplc compression. The external com~
presslion waves were focused at the lip of the cowl and reduced the flcw
Mach number to 2.38 at the entrance, while the internal compression
waves Intersected the centerbody surface in a distributed msnner and
further reduced the Mach number to 1.40 at the throat. The required
external and internsl contours were conveniently derived by utilizing
the reverse of two Pranditl-Meyer expanslons in series. A correction
Tor the displacement thickness of a fully turbulent boundary layer wes
made to the centerbody contour by using the method of reference 3 even
though the pressure gradients experienced were in excess of those for
which the theory wight be expected to apply. It was pssumed thet an
initlally turbulent boundsry leyer could be assured by the use of arti-
ficlial roughness on the leading edge of the centerbody.

To overcome the stérting problem encountered with high intermsl-
contraction ratios, the inlet was designed for varisble geometry by
providing for s longitudinal movement of the center wedge. This trans-
lation was produced by & small electric motor and screw arrengement
installed inslde the centerbody. To eliminate edge effects and to
malntain a two-dimensionsl flow into the inlet, and also to permit
schllieren flow observatlions, glass plates were mounted at the sldes of
the compression wedge.

The subsonic portion of the diffuser was deeigned for an avera§e
angle of divergence between the cowl and the centerbody walls of 10°,
which wes in accord with the data presented in reference 4. However,
this subsonle passage was further modified to accomodate a very smell
diffuslon rate near the throst for increased shock stebility; a max{mm

’ divergence angle of 14° existed at the exit of this dubsonic diffuser.

From results of experiments with the varleble-~geqmetry inlet, an
optimum internal contraction was determined and a fixed-geometry dif-
fuser was fabricated. The conbtours of the variable inlet were modified
for the fixed~geometry configuration in order to increase the capture
mass flow and decrease the cowl pressure drag. Coordinates of the
original and modified inlet are given in figure 1(e). '

Cold-flow experiments were conducted wherein the simulation of
heat addition was effected by means of a varisble-outlet restriction.

o
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The exit plug was mounted independent of the model to allow the balance
gystem to meaesure forces that were the same as that of a ram jet with
burning and choking in a constant-area duct. Tare forces acting on the
base, the glass side plates, and the instrumentation lines were evalu-
ated and the appropriete corrections made. Complete pressure data were
‘taken over a range of exit plug positions at angles of attack of 0°, 1°,
2%, 39, and 4°.- . '

RESULTS AND DISCUSSION

One of the most difficult problems that arises in the design of
high Mach number iniets 1ls that of predicting the effects and the nature
of the boundary layer along the compression surface with 1ts strong
adverse pressure gradients. Some interesting schlieren photographs of
the air flow slong the contoured center wedge are presented in figure 2.
With a smooth leeding edge (fig. 2(a)), there was a characteristic thick-
ening and thinning of the observed boundary layer as it developed
along the compression surface. This flow pattern is interpreted as =
separation of the laminsr boundary layer, followed by reattachment.
Transition to a turbulent layer is believed to have occurred by the time
the flow entered the diffuser. With the large adverse pressure gradi-
ents encountered here, separation of the laminsr boundary layer would
be expected theoretically, as indicated by the predlction of a laminar
separation point by the method of reference 5 (see arrow on fig. 2(a)).
On further inspection of the schlieren photograph, it 1s observed that
there are discontlnuous lines or stristions within the appaerent
boundsry-layer region. The reason for this is not known. Subsequent

eriments showed that the addition of leading-edge roughness (a
1/8-inch band of number 100 Carborundum grit) would alter the flow pat-
tern along the compression surface to that shown in the schlieren
photograph of figure 2(b). The action of the roughness is presumsbly
to force tramsition to a . turbulent layer which is more stable and
resistant to flow separatlion. As noted in figure 2(b), the observed
boundary layer followed the contour of the wedge more closely and indi-
cated no flow separation. However, the over-all pressure recovery of
the inlet was somewhat lower (2 or 3 percent) with the use of leading-
edge roughness. Consequently, no further conslderation was glven to
the use of srtificial transition, and the data will be presented only
for the inlet with a smooth leadlng edge.

Qriginal Isentropic Inlet (with Veriable Geometry)
The original inlet design incorporated a large amount of internel
compression with provisions for a varlable internal-contraction ratio

to satisfy the starting requirements. The optimum diffuser performance
obtained with this configuratlion at zero angle of atitack was & meximm

L
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total-pressure recovery P3/PO of 0.4l and a corresponding supercriti-
cal mess-flow ratio mg/my of 0.75. These results were obteined with

an internsl-contraction ratio that spproximated the Kentrowltz-Donaldson
1limiting value (reference 6) corresponding to the design inlet Mach
number of 2.38. Larger internsl-contraction ratios could not be

imposed on the flow without expulsion of the normel shock beceuse of
pressure feedback and separation of the boundary leyer in the conver-
gent passage.

Schiieren photogrephs of the flow patterns obtained with this
inlet at optlmum tip projection and at zero angle of attack are pre-
sented in figure 3 for both supercritical and subcritical operating
conditions. As may be observed in the photograph of the supercritical
flow pattern (fig. 3(a)), the compression shocks emanating from the
contoured centerbody coalesced well shead of the cowl lip with a
resultent lerge amount of flow spillage. This resulted from the fact
that the inlet was designed for optimum performence with a more fully
retracted centerbody, that is, wilth more internal contrection. i

As the flow beceme subcriticel, there occurred a large disconti-
onuity in both pressure recovery and mess~flow ratlo. Concomitantly, en
asymmetrical shock pattern was observed at the inlet (see fig. S(b)s
In the bottom passage, the flow had completely separated up to the
leading edge of the wedge with subeonic or poseibly reverse flow in the
inlet while in the top passage the flow malntained its supercritical
shock pattern. This phenomenon wlll be discussed more fully in con-
nection with the final modified inlet.

The possibility of obtaining additional internal compression and
correspondingly higher pressure recoveries by mesns of variable geometry
appeared to depend on the development of a boundary-lsyer contral sys-
tem that could adequately cope with the feedback problem. In the pre-
sent study, tunnel limitetions, associated with the large size of the
model, prevented incorporation of & bleed system involving flow spil-
lage into the side passages.

Modified Isentropic Inlet (with Fixed Geometry)

In order to arrive at a more practical aserodynsmic configuration,
some modifications were made to the original inlet. The inlet 1ip
helght was incressed to capture a larger free-stream tube of alr and
also to reduce the cowl pressure drag by reducing the projected frontal
area. Schlleren photographs of the shock pattern (fig. 3(a)) were then
gcaled to establish the focal point of the compression waves emansting
from the wedge surface, thus locating the desired 1lip position for the

a2576f'
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modified cowl. The internal flow passages were also reworked to impose
the Kantrowitz contraction ratio on the flow as indicated from the
varighle geometry data.

The performance of this configuration at zero angle of attack is
presented in figure 4. A maximum total-pressure recovery of 0.41, cor-
responding to s kinetic energy efficiency of 90 percent at Mach num-
ber 3.85, was obtained with 2 supercritical mass-flow ratio of 0.95.
The corresponding schlieren photograeph of the inlet flow during super-
critical operation (fig. 4(a)) indicated very little flow spillage,
and the oblique shock wave from the leading edge appeared to intercept
the cowl lip very closely. Unfortunstely, a small scratch in the glass
occurred immediately ahead of the top cowl lip and care must be exer-
cised in locatbing the leading edge. As illustrated by the dats
(fig. 4(a)), there was again a large discontinuity in both mass flow
and pressure recovery betweei. critical and subcritical operstion. This
large detrimental change in engine operating conditions was not of the
megnitude ordinerily experienced with intermal contraction diffusers;
it was accompanied by a pronounced hysteresis loop and by an asymmetri-
cal suberitical shock pattern as shown in the schlieren photograph
(fig. 4(b)). At zero angle of attack this asymmetric separation pattern
would establish itself in elther the top or bottom peassage with an appar-
ent random selection. This effect was a consequence of the twin-duct
arrangement of the diffuser. The hysteresls loop in the curves is
explained by the fact that there is & range of outlet-area conditions
for which flow continuity can be satisfled by elther of two flow pat-
terns at the inlet, (1) supercritical operation with high ‘pressure
recovery and a high mass flow through the exit or (2) low pressure
recovery and a low msss flow through the exit, which 1s made possible,
in a multiduct system, by one passage undergoing flow reversal and
actually spilling flow out of the front of the model. That some of the
flow actually circulated around the centerbody (entering the top pas-
sage and discharging from the bottom passage) is indicated by the
observation that the suberitical mass-flow ratios were less then half
of the supercritical value and that the top passage maintained the same
flow pattern (and thus had the same mass flow entering) during both
supercritical and suberitical engine operation. During subcritical
operation it was observed that the angle of the wedge formed by the
separated flow varied with the engine exit ares in order to spill more
or less mass flow as required by continuity consideratlions. The elimi-
nation of this twin-duct interaction mey possibly be accomplished by
equelizing the pressures in the top and bottom passages by means of
interconnecting channels {reference 7).

In figures 5 to 8, the performsnce curves for this modified lsen-
tropic inlet are presented for angles of attack of 1?, 2°, 39, and 4°.
In general, the trends were quite similar to that obtained at zero
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angle of attack. At each angle of attack, there agein waes the charac-
teristic hysteresis loop and subcritical asymmetricel shock pattern.
As the angle of sttack of the model was increased, the critical value
of outlet-inlet area ratio incressed and thus indicated a reduced back
pressure on the diffuser. Therefore, for each supercritical exit con-
dition there is & limiting angle of attack bélow which the asymmetric
inlet flow pattern and the attendant hysteresls is avolded. Thus, if
it were specified for this engine operating with fixed geometry and
constant heat addition (and thereby constant inlet back pressure)} that
there can be no subcriticdl operation at a maximum angle of attack

of 40, the performance at zero angle of attack Woul& then be limited

to a maximum recovery of 0.35.

The effect of angle of attack on maximum total-pressure recovery
and supercritical mass-flow ratio is shown in the summary curves of
figure 9. As the angle of attack was incressed from 0° to 4°, the
maximim pressure recovery decreased from 0.41 to 0.34 and the super-
criticel mess~flow rabtlo decreased from 0.95 to 0.91.

At positive angles of attack, the flow consistently separated sub--
critically and spilled from the top pessage. It was also noted that, as
the inlet was moved through the angle-of-attack range from 0° to 40, the
extent of the laminar boundary-layer separstion off the top compression
surface increased guite markedly (compare figs. 4(b) and 8(v)).

Some total-pressure profiles (indicative of the velocity distribu-
tions) across the diffuser exit are presented in figure 10 for the con-
ditions of meximm recovery at each angle of attack and for a typical
gubcriticel point at zero angle of attack. In each case, the flow was
found .to separate from the centerbody walls. This was probably a con- -
sequence of the subsonlc diffuser design in which a short length with
a resulting high diffusion rate was specified. As expected, the dif-
ference in profiles between the top and bottom passages increased with
angle of attack. The profiles for suberitical operation (fig. 10(b))
again indicate the possibility of flow reversal in the bottom passage.
With flow reversal the pltot pressure probes would have to be rotated
180° to measure the true total pressure.

2

Aerodynamlc Force Coefficlents at Zero Angle of Attack )
Unfortunately a breskdown of the balence system prevented the com-
plete range of force data from being obtained and limits the discussion
to zero angle-of-attack deta and to the slope of the normsl force curve
obtained from limited-data. The force coefficients are presented in
figure 11 as a function of the simulated combustion parsmeter
which is indicative of the amount of heat release that would be required
in the flight model with burning and choking in a constant-aree duct.

R T Lt WL
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As such, the megnitudes of p.z'l: are beyond the range of present-dey
hydrocarbon fuels. Of course, in the practical flight configuration
convergent-divergent exhaust nozzles would be employed so that much

smeller velues of p.z'!: would be demaended of the combustor and cor-

respondingly smaller values of available thrust would be realized.

These force data serve primarily to illustrate the intolersble
operating conditions obtalned as the inlet flow pattern became asym-
metric. As & value of the simulated combustion parameter u 2y of
approximstely 7.1 was slightly exceeded, the maximum propulsive thrust
coefficient Cp of 1.40 decreased to zero and the externsl drag coef-

ficient Cp wes doubled from 0.3 to 0.6 as the engine operation became
subcritical. The absolute magnitude of the supercritical Cp of 0.3

was much greater than calculated values showing a maximum of O0.2. This
discrepancy may be attributed partly to error in the balance measure-
mente and psrtly to such tumnel factors as tunnel side-wall interfer-
ence effects and flow deviations of the alr stream relative to the
test-section walls which would effectively put the inlet at a slight
angle of attack.

Further illustration of the adverse subcriticel operating condi-~
tions 1s given in figures 11(c) and 11(d), where the discontinuity is
evidenced by a large change in both 1ift and pitching-moment coeffi-.
cients. These effects may be illustrated by the following example. If
it were assumed that the adverse shift in pitching-moment coefficient
(ACM = 0.27) were of the seame order of magnitude at 4% angle of attack
a8 obtained ai zero, the wing would be subJected to an abrupt change in
the center of pressure location equal to epproximately 9 percent of the
chord. Finite values of Cj and Oy obteined with supercritical

operation presumsbly result from a slight flow deviation in the tunnel,
inasmuch as the model was installed parallel to the tunnel floor for
the zero angle-of-attack case. -
i
Sufficient force measurements were teken at a 2° angle of attack ’
to indicate that the slope for the normal force curve was

dac
_—-—-N = de
7 0.025/deg

where Cy 1is referenced to the wing plen earea with a chord measured

from the leading edge of the cowl 1lip to the base. By way of compsri-
son, the two-dimensionsl Ackeret value for thin wings at small angles
of attack is
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dCy _ 4x
= =

= 0.019/deg : -
180A[My% - 1 .

The contribution of the intermsl flow to the normel force coefficlent
at angle of sttack is

dCx 2n \ A1 -
(da ) (:Tgﬁ) ol 0.003/deg

2576,

Thus, the theoretical wvalue for the slope of the normal force curve is
4ac
N
= = 0.022/deg
SUMMARY OF RESULTS -
A preliminary experimental investigation of a two-dimensional
isentropic inlet suiteble for split-wing ram-jet application ylelded
the following results at a Mach number of 3.85:
1. At zero angle of attack & maximum total-pressure recovery of
0.41, corresponding to a kinetic energy efficiency of 90 percent, was
reelized with a supercritical mass~-flow rdgtio of 0.95. 4l

2. As the angle of attack was increaged to 40, the maximum totel-
pressure recovery fell off to 0.34 and the supercritical mass-flow
ratio decreased to 0.91.

3. A large discontinulty in both mess flow and pressure recovery
wlth 8 cheracteristic hysteresis was encountered between critical and
subecritical operation as a consequence of the twin-duct arrangement of
the diffuser. Corresponding schlieren photographs showed an asymmetrl-
cal suberitical shock pattern with flow spillage occurring out of only
one of the passages. .

4. The use of varlaeble geometry did not result in the atteinment
of internal contraction retios any greater than the Kantrowitz limiting
value because of.pressure feedback and possible separatlon of the
boundary layer.

5. With a value of the simulated combustion parameter equal to 7.1,
g meximum propulsive thrust coefficient of 1.4, based on the maximum 3
frontel srea of the engine, was obtalned at zero angle of attack. Large
changes in all the aerodynamic force coefficients ceused by twin—duct
interaction made suberitical operation intolerable. ) %
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{2) Pexspective view of split-wing model mounted in NACA Iewls 2- by 2-foot
supersonlc tumel.

Figure 1. - Experimental model,
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(b) Detail of balance llnkages.
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(o) Schemetlc sketch of model showlng importent dimenslons.

Figure 1. - Combinued.

Experimental model.
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Combustion-chaember-exit rake (section B.B, fig. l(c))

(d) Predsure instrumentation.

Figure 1. - Continued. Experimental model.
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Flgure 1.

- 'Concluded. Experimental model.
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() With emooth lsading edge.
Flgure 2. - Schlieren phobographe of flov along compression suxfaces.
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Figure 2. - Conocluded.

(b) With rough leading edgs,
Schlieren photogmphe of flow along compreseion swrfaces,
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C.29544

(b) Subcritical flow pattern.

Figure 3. - Schlieren photographe of shook configuration obtained with original inlet at
optimm tip proJjection. bl L inlet ¢
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Supereritical flow pattern Suberitleal flow pattern
(b) Bchlleren photograrhs of flow at diffuser inlet. C-@ZQ 17
|—l
Flgure 4. - Diffuser performance at gero angle of attack. w0
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Supercritical flow pattern Suboritical flow pattern
{b) Sohlieren photographe of flow &t diffoser iniet.

Flgure 5. - Diffuser performance at 1% angles of attack.
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Total-pressure recovery, Ps/Pq
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(a) Vvariation of total-pressure recovery.with outlet-inlet ares ratio and mass-flow ratio.

10 T IR 11

. “ o n‘l il : I“H !-. ftTlllFl Lrl
H 1 g T

-1 IIIuI 1l i A -‘ |||I.|“:|

man rhalasrmanha ~F £1
AL MO UUmIe DOE WL LW
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Total-pressure recovery, Pz/P,
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(a) Va.riation.of total-pressure recovery with outlet-inlet ares ratio and maes-flow ratio.
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Total-pressure recovery, Pb/Eb
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(a) Variation of total-pressure recovery with outlet-inlet aree ratio and mass-FPlow ratlo.
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Figure 8. - Diffuser performance et 4° angle of attack.
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FPigure 2. - Effect of angle of attack on maximum total-pressure
recovery and supercritical mass-flow ratio.
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Total-pressure recovery, PS/P0
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Simulated combustion parameter, p°t
(b) External drag.

Flgure 11. - Force coefficlents as function of simulated
combustion parameter pzT et zero angle of attack.
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Lift coefficient, dL

Pitching-moment coefficient, Cum
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